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Fusion mechanismAlthough membrane fusion plays key roles in intracellular trafﬁcking, neurotransmitter release, and viral infec-
tion, its underlying molecular mechanism and its energy landscape are not well understood. In this study, we
employed all-atom molecular dynamics simulations to investigate the fusion mechanism, catalyzed by Ca2+
ions, of two highly hydrated 1-palmitoyl-2-oleoyl-sn-3-phosphoethanolamine (POPE) micelles. This simulation
systemmimics the small contact zone between two large vesicles atwhich the fusion is initiated. Our simulations
revealed that Ca2+ ions are capable of catalyzing the fusion of POPEmicelles; in contrast,we didnot observe close
contact of the two micelles in the presence of only Na+ or Mg2+ ions. Determining the free energy landscape of
fusion allowed us to characterize the underlying molecular mechanism. The Ca2+ ions play a key role in catalyz-
ing the micelle fusion in three aspects: creating a more-hydrophobic surface on the micelles, binding two mi-
celles together, and enhancing the formation of the pre-stalk state. In contrast, Na+ or Mg2+ ions have
relatively limited effects. Effective fusion proceeds through sequential formation of pre-stalk, stalk, hemifused-
like, and fused states. The pre-stalk state is the state featuring lipid tails exposed to the inter-micellar space; its
formation is the rate-limiting step. The stalk state is the state where a localized hydrophobic core is formed
connecting two micelles; its formation occurs in conjunction with water expulsion from the inter-micellar
space. This study provides insight into the molecular mechanism of fusion from the points of view of energetics,
structure, and dynamics.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Membrane fusion plays a signiﬁcant biological role in, for example, in-
tracellular trafﬁcking, recycling, viral inﬂecting, and neurotransmitter re-
lease. Its medical applications include drug delivery and gene therapy.
Membrane fusion can occur through two reaction pathways: direct fusion
and indirect fusion [1]. The differences between these two pathways are
that the latter uniquely involves the formation of a stalk state and a
hemifusion diaphragm.Membrane fusion is a complex physiological pro-
cess regulated by fusion proteins, including soluble N-ethylmaleimide–
sensitive factor attachment protein receptors (SNAREs), synaptotagmin,
and others that bind to selected membranes at the same time, bringing
them within a close distance to facilitate fusion through the direct fusion
pathway [2]. The subsequent fusion stages are considered to be depen-
dent mainly on the physical properties of the lipid membranes. In addi-
tion to fusion proteins, several other factors can induce membrane
fusion, including the membrane tension [3], the temperature, the lipid
composition of the membrane [4], and cation binding [5].
Althoughmembrane fusion can be catalyzed by various factors, they
all share a common mechanism. According to the stalk hypothesis on
protein-free and pure lipid membranes, membrane fusion proceeds
through at least ﬁve sequential steps: the approach of two membranes
at a short distance; contact of two proximal monolayers with localfax: +886 3 4227664.
ights reserved.perturbation; formation of a stalk state; formation of a hemifused
state; and, ﬁnally, opening of a fusion pore [1,6]. The relative energies
of these states and the energy barriers separating these two consecutive
states depend on the hydration levels, the lipid compositions, and the
catalysts. The stalk state comprises multiple lipid molecules bridging
two apposed lipid monolayers. This stalk state expands to form a
hemifused state that features a hemifused diaphragm between two dis-
tal leaﬂets.
Many efforts have been made to determine the structures of the
fusion intermediates. Stalk states have been observed directly using
X-ray diffraction [7,8], revealing that they are thermodynamically stable
under certain conditions. A molecular dynamics (MD) simulation using
a coarse-grained (CG) potential has also suggested the existence of a
stable stalk or stalk-like state [9–11]. In quests to determine the rate-
limiting steps of the fusion processes, many studies have focused on es-
timating the relative free energies of the fusion intermediates. MD sim-
ulations of the solvent molecules using CG models with different levels
of complexity have yielded diverse free energies for the stalk state—
from 6kBT in small 1-palmitoyl-2-oleoyl-sn-3-phosphoethanolamine
(POPE) vesicles [11] to 15kBT in planar bilayers [12]. Continuummodels
[13,14] have provided estimates of the free energy for the stalk state
that have varied from 25 to 50kBT—values higher than those estimated
using CG models. A dissipative particle dynamics simulation suggested
that the formation of a splayed lipid bond state is the critical step for
lipid mixing of two bilayers under tension [15]. Recent related MD sim-
ulations using a CG model suggested that a pre-stalk state featuring
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[14,16].
Calcium (Ca2+) ions play an important role in triggering synaptic
vesicle fusion, which allows the transmitter to be released at neuronal
synapses. In these processes, Ca2+ ions rapidly build up to become high-
ly localized around the open Ca2+ ion channels near the presynaptic ac-
tive zones. Surprisingly, a low concentration (10–25 M) of local Ca2+
ions is sufﬁcient to ensure the release of the physiological transmitter
[17]. The Ca2+ ion-triggered vesicle fusion at large central nervous sys-
tem (CNS) synapses is highly cooperative, requiring four or ﬁve Ca2+
ions. Moreover, the fusion time is brief—less than 1 ms. Such fast kinet-
ics suggests that the Ca2+ ions do not induce transmitter release
through a complex mechanism [2].
Early in vitro experiments revealed that fusion occurs between
phospholipid vesicles in the presence of Ca2+ ions [5,18]. Many subse-
quent studies using a variety of experimental techniques [5,19–22]
and computational simulations [23,24] have demonstrated that Ca2+
ions interact strongly with lipid head groups. Calcium ions also interact
strongly with anionic lipids to induce anionic phosphatidylserine (PS)
domains in zwitterionic phosphocholine (PC) bilayers [25–28]—a pro-
cess that has been implicated as an important step in membrane fusion.
Moreover, they also interact stronglywith zwitterionic PC lipids [21,29],
Recently, we used all-atom MD simulations to demonstrate that Ca2+
ions can form complexes with phospholipids and that these complexes
further assemble to form various multiple-cation–centered clusters in
the presence of anionic lipids and at high ionic strength; in contrast,
Na+, K+, and divalent Mg2+ ions exhibit limited capacity [24]. Potoff
and co-workers used all-atom MD simulations to determine that Ca2+
ions can form anhydrous complexes with phospholipids between ap-
posed bilayers [23].
Although there have been many comprehensive studies aimed at
understanding common membrane fusion mechanisms [1,2], the un-
derlyingmolecular processes and their energy landscapes remain poor-
ly understood. In this study, we employed all-atom MD to simulate the
fusion of two POPE micelles at high hydration in the presence of Ca2+,
Na+, or Mg2+ ions. We observed that Ca2+ ions play a key role in cata-
lyzing the fusion. We determined the free energy landscape of fusion
catalyzed by Ca2+ ions and then characterized the underlying mecha-
nism of the fusion process at the molecular level.
2. Methods
To capture the essential features of biomembrane fusion—in particu-
lar, those catalyzed by Ca2+ ions—all-atomMDwas used to simulate the
fusion of two POPE micelles in a spontaneous manner. Previous studies
of membrane fusion using lipid bilayer models have been limited to in-
vestigations of early stage fusion [14,23], mainly because the water
molecules between two fused leaﬂets could not be expelled in those sim-
ulations, due to the setup of the periodic boundary conditions (PBC),
thereby retarding further fusion. On the other hand, although simula-
tions using vesicle models are more-realistic mimics of biomembrane
environments, their large size usually requires reduced CG models
[30]; although they speed up the calculations, these CGmodels are some-
times too simple to present speciﬁc interactions in detail, including cat-
ion–lipid, water–water, and water–lipid interactions. To balance the
advantages and disadvantages of the commonly used models, in this
study a micelle model was employed that was smaller than the vesicle
model, thereby allowing the roles ofwatermolecules and Ca2+ ions dur-
ing fusion to be studied using a full-atom force ﬁeld. Although micelles
are smaller than vesicles, this simulation system mimics the small con-
tact zone between two large vesicles at which fusion is initiated.
Simulations of a single POPE micelle were ﬁrst performed to obtain
the stable micelle structure. The chemical structure of zwitterionic
POPE is presented in the Supporting Information (SI, Fig. S1). The mi-
celle comprised 62 POPE lipids. To prepare the micelle structure prior
to simulation, the 62 POPE lipids were arranged spherically with thehydrophobic tails pointing inward. This initial structure contained
large voids; after 0.8-ns MD simulation in vacuum at 300 K, however,
the initial structure shrank into a compactmicelle having a hydrophobic
core. Thereafter, this compact micelle was solvated with water mole-
cules and ions. Three simulations were performed using 0.15 M NaCl,
MgCl2, and CaCl2, herein denoted as POPE-Na+, POPE-Mg2+, and
POPE-Ca2+, respectively. The minimum distance from the micelle to
the box boundary was approximately 10 Å; the water-to-lipid ratio
was approximately 180, providing a lipid concentration of approxi-
mately 0.31 M, which is much higher than the critical micelle concen-
tration (ca. 0.001 M).
Three systems containing two micelles were examined: one con-
taining 0.15 M NaCl (denoted 2 M-POPE-Na+), one containing 0.15 M
MgCl2 (denoted 2 M-POPE-Mg2+), and one containing 0.15 M CaCl2
(denoted 2 M-POPE-Ca2+). These two-micelle systemswere constructed
from the equilibrated structures of the single-micelle systems. The two
micelles were arranged with a minimum distance of approximately 6 Å
between the atoms of the two micelles. The minimum distance from a
micelle to the box boundary was approximately 10 Å. To obtain bet-
ter statistical results, the 2 M-POPE-Ca2+ system was simulated
four times with different initial conﬁgurations, denoted 2 M-POPE-
Ca2+-SysI, 2 M-POPE-Ca2+-SysII, 2 M-POPE-Ca2+-SysIII, and 2 M-
POPE-Ca2+-SysIV; the 2 M-POPE-Na+ system was simulated twice
with different initial conﬁgurations, denoted 2 M-POPE-Na+-SysI
and 2 M-POPE-Na+-SysII; and the 2 M-POPE-Mg2+ systemwas simu-
lated twice with different initial conﬁgurations, denoted 2 M-POPE-
Mg2+-SysI and 2 M-POPE-Mg2+-SysII; the different initial conﬁgura-
tions were created by rotating and separating the micelles in a random
manner. The water-to-lipid ratio was approximately 191 for the two-
micelle systems. Table 1 summarizes the setups of the simulation
systems.
The lipids and counter ions were modeled using the CHARMM36
[31] all-atom force ﬁeld; the water molecules were modeled using the
TIP3 model [32]. All MD simulations were performed using parallel
MD NAMD 2.7b3 software [33] with an NPT ensemble under three-
dimensional periodic boundary conditions. The simulation temperature
was controlled to physiological temperature (310 K) by Langevin dy-
namics; the pressure was controlled to 1 bar using the Langevin piston
Nosé–Hoover method [34]; the three orthogonal dimensions of the pe-
riodic cell were allowed to change independently. Cutoffs of 12.0 and
13.5 Åwere applied to calculate the pairwise interactions and to gener-
ate the neighboring list of pairs, respectively. The non-bonded neigh-
boring list was updated every 10 steps. The particle-mesh Ewald
technique was used to treat the long-range electrostatic interactions.
The default Lennard-Jones (LJ) parameters for the cation–anion pair in-
teraction obtained from the Lorentz–Berthelot combining rule were
used. The force switching function [35] was applied to smooth the
nonbonded electrostatics and van der Waals potential energy when
the internuclear distance for two atoms was between 9 and 12.0 Å.
The hydrogen atom-involved covalent bond lengths were constrained
by the SHAKE algorithm [36], allowing the use of an integration time
step of 2 fs. Prior to production simulations, each system was mini-
mized using a conjugate gradient algorithm to remove the bad contacts
of the initial conﬁguration. All simulated systems reached an energy tol-
erance of 0.0001 kcal/mol after 100,000 minimization steps. A 0.1-ns
slow heating simulation was then performed until the system tempera-
ture reached 310 K. The trajectories were recorded every 5 ps. Table 1
presents the total simulation time for each simulated system.
All analyses were performed using Pine-MD, an in-house program
developed by our group that had been employed in previousMDstudies
of amyloidogenic peptides [37,38], antimicrobial peptides [39], and lipid
bilayers [24]. Several properties were calculated. The populations and
structures of the inter-micelle cation–lipid clusters were calculated.
When the distance between one cation and a more-electronegative ox-
ygen atom of the lipid (O13, O14, O32, O22, OC2, or OC3 atom)was within
3.3 Å, that lipid was considered to be coordinated to the cation [24]. A
Table 1
Names, compositions, and simulation times of the studied systems.
System name Atoms POPE Water Lipid conc. (M) W/La Na+ Mg2+ Ca2+ Cl− Simulation time Results
Single micelle system
POPE-Na+ 41382 62 11190 0.31 180.4 31 – – 31 100 ns Equilibrium
POPE-Mg2+ 41413 62 11190 0.31 180.4 – 31 – 62 100 ns Equilibrium
POPE-Ca2+ 41413 62 11190 0.31 180.4 – – 31 62 100 ns Equilibrium
Two Micelles System
2 M-POPE-Ca2+-SysI 87164 124 23823 0.29 192.1 – – 65 130 142 ns Fused
2 M-POPE-Ca2+-SysII 87164 124 23823 0.29 192.1 – – 65 130 135 ns Fused
2 M-POPE-Ca2+-SysIII 87164 124 23823 0.29 192.1 – – 65 130 111 ns Fused
2 M-POPE-Ca2+-SysIV 87164 124 23823 0.29 192.1 – – 65 130 100 ns Unfused
2 M-POPE-Na+-SysI 87100 124 23824 0.29 192.1 64 – – 64 250 ns Unfused
2 M-POPE-Na+-SysII 87100 124 23824 0.29 192.1 64 – – 64 100 ns Unfused
2 M-POPE-Mg2+-SysI 87164 124 23823 0.29 192.1 – 65 – 130 100 ns Unfused
a Water/lipid ratio.
h
COM
COM
d
Micelle
Micelle
Fig. 1. A graph representing the space located between two micelles. For details, see the
text in the computational methods section.
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from a different micelle was considered to be an inter-micelle cation–
lipid cluster. The inter-micelle contact number (NC) was calculated to
account for the degree of micelle fusion. Two atoms located on different
micelles were considered as one contact when they were separated
within a distance of 5 Å. This cutoff was chosen based on the radial dis-
tribution function (RDF) of atoms in a single micelle, by which the ﬁrst
peakwas covered. The asymmetry parameter (α), calculated tomonitor
the change in shape of the two micelles during fusion, was deﬁned as
[40]
α asymmetry parameterð Þ ¼
2Iz−Ix−Iy
 
Iz−Ix−Iy
 
where Ix, Iy, and Iz are themoments of inertia in the x, y, and z directions,
respectively. The solvent-accessible surface area (SASA) was calculated
using the approach described by Lee et al. [41] to measure the degree of
exposure of the lipid tails. The lipid tails of POPE were deﬁned as
extending from C34 to C316 in Sn-1 and from C24 to C218 in Sn-2. These
carbon atoms were buried to a greater extent inside themicelle derived
from the atom distribution analysis of the simulation of the single mi-
celle (data not shown).
The number ofwatermolecules between twomicelles (NW)was cal-
culated. First, the center of mass (COM) of each micelle was calculated.
A vector was calculated from the COM of one micelle to another. The
whole systemwas aligned to the z-axis in space by taking the COM vec-
tor of two micelles as the reference; taking the COM of each micelle as
the origin, a square was drawn having sides of 40 Å, slightly smaller
than the diameter of a micelle (ca. 50 Å). This approach allowed the
water molecules in the inter-micellar region to be chosen, but not
those located at the surface region of the fusing micelles; a square box
was obtained as depicted in Fig. 1. The height of the cylinder, which
was equal to the distance between the COMs of two micelles, varied
with respect to the simulation time. The water molecules located in
the rectangular box were considered as being positioned between the
two micelles. The number of water–water hydrogen bonds per water
molecule (NWWHB ) of the inter-micelle water molecules and water–lipid
hydrogen bonds per water molecule were calculated (NWLHB). Hydrogen
bonds were calculated using the following criteria [42]: a hydrogen
bond between a hydrogen donor (D–H) and a hydrogen acceptor (A)
was judged to have formed when the D···A distance was less than
3.3 Å and the angle θHDO was less than 30.0°, where rOO is the distance
between two oxygen atoms and θHDA is the angle between rDA and the
intramolecular D–H bond.
3. Results
To investigate the fusion mechanism, we performed four, two, and
one all-atom MD simulations of two-micelle systems with differentinitial conﬁgurations in the presence of Ca2+, Na+, and Mg2+ cations,
respectively. For the four MD simulations in the presence of Ca2+ ions,
we observed spontaneous micelle fusion within a 100-ns simulation
for three of the four simulations (an animation is provided in the SI).
On the other hand, for the simulations in the presence of either Mg2+
or Na+ cations, we did not observe micelle fusion or stable contact be-
tween the two micelles (an animation is provided in the SI); the total
simulation times for the Mg2+- and Na+-containing systems were
100 and 350 ns, respectively.
3.1. Fusion characteristics as a function of time
To understand the characteristics of micelle fusion, we calculated
seven parameters of the 2 M-POPE-Ca2+ system as a function of the
simulation time (Fig. 2): the distance (dCOM) between the COMs of
twomicelles, the inter-micelle contact number (NC), the asymmetry pa-
rameter (α), two types of SASA for the lipid tails, the inter-micellewater
number (NW), and the number of water–water hydrogen bonds per
water molecule (NWWHB ) of the inter-micelle water molecules. The two
different kinds of SASA were (i) the total SASA of the lipid tails of two
micelles (SASAtot), calculated by taking two micelles into consideration
at the same time, and (ii) the sum of the SASA of each micelle’s lipid
tails (SASAsum), where the SASA of eachmicelle's lipid tails was calculat-
ed individually without considering the other micelle. The twomicelles
in 2 M-POPE-Ca2+-SysIV were not fused until the end of the 100-ns
simulation (data not shown).Wehavemarked Fig. 2with seven vertical
lines to indicate the various stages of the fusion process: a red dashed
line indicating the initial time when a stable inter-micelle Ca2+–lipid
cluster was formed; a green dashed line indicating the initial time of
the formation of a pre-stalk state; an orange dashed line indicating
the time when a stable stalk state was formed; a black dashed line
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Fig. 2. Seven characteristic properties of micelle fusion of 2 M-POPE-Ca2+ systems that evolve over time: distance (dCOM) between the COMs of two micelles, inter-micelle contact number (NC), asymmetry parameter (α), SASAsum, SASAtot, inter-
micelle water number (NW), the number of water–water hydrogen bonds per water molecule (NWWHB ) of the inter-micelle water molecules. For explanations of the vertical lines, see the text.
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2733H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1828 (2013) 2729–2738indicating the initial time of the formation of a hemifused-like state; a
blue dashed line indicating the time when a stable hemifused-like
state was formed; a magenta dashed line indicating the initial time of
the formation of a fused state; and a purple dashed line indicating the
time when a stable fused state was formed. These time points and
their corresponding states were mainly determined from the trends in
the values of NC andwere validated by visualizing the structures of sim-
ulated trajectories. 2 M-POPE-Ca2+-SysI is presented in detail as a
framework for general fusion events [Fig. 2(a)]. The other 2 M-POPE-
Ca2+ systems were treated concisely, focusing on their differences
from those of 2 M-POPE-Ca2+-SysI.
For 2 M-POPE-Ca2+-SysI, a stable inter-micelle Ca2+–lipid clusterwas
formed at approximately 39 ns (highlighted by the red dashed line).
Thereafter, the value of NC increased slightly and remained at a similar
level until the simulation time reached approximately 61 ns (highlighted
by the green dashed line). These results indicate that the inter-micelle
Ca2+–lipid clusters bound twomicelles together in a stablemanner. Dur-
ing the period of time between 31 and 61 ns, the seven calculated struc-
tural parameters of 2 M-POPE-Ca2+-SysI [Fig. 2(a)] remained stable. After
61 ns, however, the value of NC had increased dramatically while the
value of dCOM had decreased dramatically, revealing the effective fusionInter-
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decreased dramatically, representing the geometric transformation from
two separated micelles (more asymmetric) to one fused micelle (more
symmetric). We observed the initial formation of the pre-stalk state at
approximately 61 ns (highlighted by the green line). The pre-stalk
state features lipid tails exposed to the inter-micellar space, as indicated
by the increase in the value of SASAsum. A stable stalk state was formed at
approximately 75 ns (highlighted by the orange dashed line); the stalk
state was stable (evidenced by the stable value of NC) until the simula-
tion time reached approximately 84 ns (highlighted by the black line).
A stable hemifused-like state was formed at approximately 95 ns
(highlighted by the blue dashed line). The hemifused-like state began
transforming into a fused state at approximately 103 ns (highlighted
by themagenta dashed line). A stable fused statewas formed at approx-
imately 106 ns (highlighted by the purple dashed line). After 61 ns, the
value of SASAsum increased dramatically, indicating that the lipids' hy-
drophobic tails were exposed to the micelle surface region. In contrast,
the value of SASAtot decreased slightly, implying that the exposed lipid
tails of one micelle were hindered by the other micelle.
After formation of the pre-stalk state, we observed water expulsion
from the inter-micellar space, resulting in a dramatic decrease in theMicelle Contact Number
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2734 H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1828 (2013) 2729–2738value ofNW(Fig. 2). Relative to the value ofNW in the initial formation of
pre-stalk state, a signiﬁcant number of water molecules were expelled
from the inter-micellar regions when the stable stalk state was formed.
The hydrogen bonding pattern of the inter-micellewatermoleculeswas
different from that of bulk water, and it changed during the fusion pro-
cess. Before the water expulsion from the inter-micellar space, we ob-
served that the NWWHB number retained a similar level with 〈NWWHB 〉 of
2.72 and the inter-micelle water molecules form hydrogen bonds with
the head groups of lipids with 〈NWLHB〉 number of 0.11 (Fig. S2); the sym-
bol denotes the average over time and the selected ensembles. The
total number of hydrogen bonds of the inter-micelle water molecules
was less than that of bulk water (3.14), indicating that the inter-
micelle water molecules were oriented with their hydrogen bonding
sites facing the lipid's hydrophobic moiety [42,43]. The NWWHB number
decreased during the water expulsion process. The 〈NWWHB 〉 number dur-
ing the simulation time period from 61 to 75 ns was 2.23 and the 〈NWLHB〉
number (Fig. S2) was 0.17, indicating that 0.43 hydrogen bonds per
inter-micelle water molecules were lost during the water expulsion
process.
The other two 2 M-POPE-Ca2+ systems exhibited similar behav-
ior as discussed above, but different kinetics. For example, the effec-
tive fusion process for 2 M-POPE-Ca2+-SysI took approximately
22 ns after the formation of the inter-micelle Ca2+–lipid clusters;
2 M-POPE-Ca2+-SysII took approximately 49 ns; for the 2 M-POPE-
Ca2+-SysIII, however, effective fusion occurred immediately after
formation of the stable inter-micelle Ca2+–lipid cluster. 2 M-POPE-
Ca2+-SysI and 2 M-POPE-Ca2+–SysII required approximately 14 ns
to form stable stalk states after the formation of their pre-stalk
states; 2 M-POPE-Ca2+-SysIII took approximately 8 ns to complete
this process. Furthermore, the formation of the stalk state in 2 M-POPE-
Ca2+-SysII was a two-step process: a small stalk state was ﬁrst formed
and was stable during the period 71–78 ns; subsequently, a large stalk
state was formed that was stable during the period 85–91 ns. On the
other hand, the formation of the stalk states in 2 M-POPE-Ca2+-SysI
and 2 M-POPE-Ca2+-SysIII were one-step processes.
3.2. Free energy landscape of Ca2+-catalyzed micelle fusion
To understand the free energy landscape of Ca2+-catalyzed micelle
fusion,we projected the trajectories of four 2 M-POPE-Ca2+ simulations
on two reaction coordinates—the inter-micelle contact number (NC)
and the value of SASAsum—in terms of the potential mean force
(Fig. 3). We calculated the free energy using the equation
ΔG q1; q2ð Þ ¼ –kBTlnP q1; q2ð Þ
where q1 is the value of NC, q2 is the value of SASAsum, and P(q1,q2) is a
canonical probability distribution function; the lowest free energy was
set to zero. Fig. 3 reveals the energy basins and saddle points (markedFig. 4.Representative snapshots of inter-micelle Ca2+–lipid cluster and pre-stalk states. (a) One
micelles; (b) pre-stalk state with one splayed lipid tail; (c) pre-stalk state with two splayed lipi
with the hydrophobic tails in different micelles displayed in blue and purple, respectively. Micby stars) between two neighboring energy basins. The saddle point is
the highest free energy point in the minimum-energy pathway (MEP)
connecting two neighboring energy basins. The three numbers in the
parentheses below the representative snapshots are the values of NC,
SASAsum, and the relative free energy (in multiples of kBT), respectively.
To obtain better ensemble statistics of energy landscape, we calculated
the free energy landscape based on four 2 M-POPE-Ca2+ simulations.
To assess whether the conformational space sampling was sufﬁcient
to calculate such an energy landscape, we performed a cross validation
procedure using a jack-kniﬁng approach [44]. We randomly removed 5
and 10% of the trajectories at a time and recalculated the free energy
landscape. We obtained ten resulting sets of free energy landscapes
(nine sets had trajectories removed, one set was the original landscape)
and calculated their standard deviations. Fig. S3 (SI) provides the corre-
sponding standard deviations for Fig. 3with 5 and 10% of trajectories re-
moved. The standard deviations for the low energy regions were
generally smaller than those of high energy regions, due to the fact
that the high energy region was less sampled [45]. The standard devia-
tions are much smaller than their corresponding energies, indicating
that the sampling was sufﬁcient to calculate the energy landscape [46].
The fusion proceeded from the unfused state [Fig. 3(a)] having small
values of NC and SASAsum to the fused state [Fig. 3(g)] having large
values of NC and SASAsum. The continued increase in the SASA of the
lipid tails on the fusion pathways indicates that reorganization of hydro-
phobic lipid tails is a signiﬁcant process during membrane fusion.
Fig. 3(b) presents the conﬁguration and relative free energy of the
inter-micelle Ca2+–lipid clusters; Fig. 4(a) provides large-scale repre-
sentations of the conﬁgurations of one Ca2+ cation bound to one
POPE lipid in one micelle and two POPE lipids in another. The hydro-
phobic tails of the bound lipids were buried within the micelles. The
populations of inter-micelle Ca2+–lipid clusters evolved over time
(Table S1). The data reveal that the clusters remained stable with
more inter-micelle Ca2+–lipid clusters forming during the fusion
process.
Fig. 3(c) presents the conﬁguration and relative free energy of the
pre-stalk state. The pre-stalk state was a plateau free energy region
that was 2.32kBT higher in free energy than that of the inter-micelle
Ca2+–lipid cluster state. The activation free energy (Ea) from the inter-
micelle Ca2+–lipid cluster state to the pre-stalk state was 2.38kBT.
Fig. 4(b) displays a large-scale representation of the pre-stalk state
with one hydrophobic lipid tail (Sn-2) exposed to the micelle surface
and adopting an L shape. Subsequently, the Sn-1 tail of the same lipid
was exposed to the micelle surface [Fig. 4(c)]. This lipid with its tails
splayed to the micelle surface was participating in the previously
formed inter-micelle Ca2+–lipid cluster. We observed that the pre-
stalk state had a larger exposed hydrophobic area than did the unfused
and inter-micelle Ca2+–lipid cluster states. The pre-stalk states in the
three 2 M-POPE-Ca2+ simulations with successful fusion had similar
features, as mentioned above.Ca2+ ion bindingwith one POPE lipid of onemicelle andwith two POPE lipids of two other
d tails. The inter-micelle Ca2+–lipid clusters are highlighted as solid ball-and-stickmodels,
elles are displayed as transparent line models; Ca2+ ions are displayed as green balls.
Fig. 5. Representative snapshots of the stalk state. (a) Side-view of the stalk state. The balls colored orange and blue represent the head groups and hydrophobic tails of the lipids, respec-
tively, in the top micelle; the balls colored yellow and purple represent the head groups and hydrophobic tails of the lipids, respectively, in the bottommicelle. (b) Top-view of the stalk
state. The balls colored yellow and purple represent the head groups and tails of the lipids, respectively, from two micelles; for clarity, the lipids from different micelles are not distin-
guished by different colors.
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space [circled and a snapshot presented in Fig. 3(d)] after formation of
the pre-stalk state [Fig. 3(c)] and prior to formation of the stable stalk
state [Fig. 3(e)]. In other words, the water expulsion process occurred
in conjunction with the formation of the stalk state. A saddle point
(red star in Fig. 3) separating the pre-stalk and stalk states was
0.14kBT higher in free energy than the pre-stalk state. The values of NC
and SASAsum increased upon progressing through the water expulsion
process. These results indicate that increasing numbers of lipid tails
were exposed from the interior region of the micelle and, at the same
time, the lipids from two differentmicelles were formingmore contacts
during this process [Fig. 3(d)].
The stalk state [Fig. 3(e)] featured several lipidmolecules connecting
two micelles, which were interdigitated [Fig. 5(a)]. The stalk state had
an hourglass-shaped structure: the hydrophobic lipid tails from each
micelle protruded into the inter-micellar region to form a new hydro-
phobic core [Fig. 5(b)], while the polar head groups of the lipids pointedFig. 6. Representative snapshots of the hemifused-like state. (a) Side-view of the hemifused-lik
respectively, in the topmicelle; the balls colored yellow and purple represent the head groups an
state. The balls colored yellow and purple represent the head groups and tails of the lipids, resp
different colors.into the water region. The stalk state was more stable, by a free energy
of 1.08kBT, than the pre-stalk state.
The free energy of the hemifused-like state [Fig. 3(f)] was compara-
blewith (0.46kBT lower in energy than) that of the stalk state. The value
of Ea from the stalk state to the hemifused-like state was 0.19kBT. The
hemifused-like state featured its inter-micelle structure expanded radi-
ally from the stalk state, forming a larger inter-micelle hydrophobic core
than that of the stalk state (Fig. 6); consequently, it had a larger value of
SASAsum than that of the stalk state. After forming the hemifused-like
state, reorganization of the lipidswithin the twomicelles led to their fu-
sion into one largemicelle. The value of Ea from the hemifused-like state
to the fused state was 1.23kBT.
The free energy landscapes of each successful fusion system were
calculated separately (Fig. S4). The free energy landscapes of each
system featured differences in the locations and relative energies of
their energy basins; nevertheless, they had similar fusion features, as
discussed above. The most signiﬁcant difference is that 2 M-POPE-e state. The balls colored orange and blue represent the head groups and tails of the lipids,
d tails of the lipids, respectively, in the bottommicelle. (b) Top-viewof the hemifused-like
ectively, in twomicelles; for clarity, the lipids in different micelles are not distinguished by
2736 H.-H.G. Tsai et al. / Biochimica et Biophysica Acta 1828 (2013) 2729–2738Ca2+-SysII featured two stalk states with hydrophobic cores of different
sizes, as discussed in Section 3.1. Taken together, we conclude that for-
mation of thepre-stalk statewas the rate-limiting step during the fusion
process. The formation of the stalk state was accompanied by a water
expulsion process. The neighboring states were separated by an energy
barrier.
4. Discussion
The free energies of the membrane fusion intermediates depend on
the type of cation present, the type of lipid, the degree of hydration, and
the temperature. We have used all-atom MD simulations at 310 K to
study the fusion energy landscapes of two POPEmicelleswith a high de-
gree of hydration in the presence of Ca2+ cations, which have been re-
ported to play a critical role in membrane fusion. Previous experiments
[22,27] and simulations [23,24] have revealed that Ca2+ ions are capa-
ble of dehydrating the membrane. Our one-micelle simulations sug-
gested that the presence of Ca2+ ions results in more-solvent-exposed
lipid tails relative to those obtained in the presence of Na+ and Mg2+
ions; the calculated SASAs of the lipid tails in our POPE-Ca2+, POPE-
Mg2+, and POPE-Na+ systems were 5710, 5440, and 5385 Å2,
respectively. These results mimic those from in vitro experiments of
poly(ethylene glycol) (PEG)-induced fusion of PC vesicles, in which
the vesicles are likely to be dehydrated upon the binding of PEG [47].
The more-hydrophobic surface of the POPE-Ca2+ micelle ensures that
an energetically favorable hydrophobic interaction occurs between
two micelles to drive them together. In contrast, our simulations of
2 M-POPE-Na+ and 2 M-POPE-Mg2+ systems revealed that fusion did
not occur—indeed, the two micelles did not even come into close
contact.
Our results suggest that the fusion of POPEmicelles evolves from the
formation of stable inter-micelle Ca2+–lipid clusters. On each micelle,
the inter-micelle Ca2+–lipid cluster has at least one Ca2+ ion binding
with at least one lipid (polar head group), allowing the Ca2+ ion to func-
tion as a “glue” that holds two micelles together. We observed that the
inter-micelle Ca2+–lipid clusters were stable, suggesting that they are
capable of binding twomicelles together. Earlier studies of lipid bilayers
revealed that Ca2+ ions are capable of binding two proximal leaﬂets of
lipid bilayers in a “trans” manner and destabilizing the membranes
[23,48]. In addition to Ca2+ ions, polycations have also been demon-
strated, through cryo-TEM and NaCl-leakage experiments, to induce
the fusion of anionic liposomes in a conformation-dependent manner
[49]. For example, the fusion process is induced by polylysine, but not
by the cationic polymer poly(N-ethyl-4-vinylpyridinium bromide)
(PEVP), presumably because looping and disorganization of the
adsorbed PEVP molecules prevent fusion through steric shielding; in
contrast, polylysine forms planar β-sheets that are sufﬁciently thin to
allowmembrane fusion. The small volume of a Ca2+ ion has little steric
effect that could retard membrane fusion.
Our free energy landscape for POPE micelle fusion (Fig. 3) suggests
that, after the formation of inter-micelle Ca2+–lipid clusters, the fusion
event proceeds sequentially through the formation of pre-stalk, stalk,
and hemifused-like intermediates, ﬁnally providing a fused micelle.
The pre-stalk state is 1.08kBT less stable in free energy than the stalk
state, consistent with previous ﬁndings based on MD simulations in
conjunction with a CG model [14]. Moreover, we characterized the for-
mation of the pre-stalk intermediate as the rate-limiting step in the fu-
sion pathway. The pre-stalk state exhibits a plateau free energy region;
the pre-stalk intermediate has a loose structure inwhich one or two lipids
adopt an L-shaped conformation with their tails residing on the micelle
surface region or partially splayed into the inter-micelle water region.
Lipids in the pre-stalk state adopting an L shape have also been observed
in previous CG simulations of small vesicles [50] and planar bilayers [14].
Our simulations revealed that an unsaturated Sn-2 chain is always
splayed on themicelle surface earlier than a saturated Sn-1 chain, consis-
tent with the results of a previous study [51], presumably because of thedegree of packing of an Sn-2 chainwithin amicelle is lower than that of a
saturated Sn-1 chain. Moreover, we observed that the splay of the Sn-2
chain to themicelle surface arosemainly through conformational changes
of the C29–C210–C211–C212 and/or C21–O21–C2–C1 dihedral angles, similar
to that reported from a previous MD study [52]. We observed that the
splayed lipid in the pre-stalk state was the same lipid involved in the pre-
viously formed inter-micelle Ca2+–lipid cluster. As discussed above, the
presence of Ca2+ ions can lead to an increase in the SASAs of the lipid
tails; moreover, a previous study has also revealed that Ca2+ ions can de-
stabilize lipid bilayers [23]. Taken together, these results suggest that
Ca2+ ions can enhance the probability of pre-stalk state formation.
The pre-stalk state with splayed lipid tails diminishes after other
lipids aggregate onto it, resulting in an interdigitated lipid bridge with
a hydrophobic core stabilizing the structure. This state, with lipids
connecting twomicelles, is called the stalk state and has been observed
in previous studies [14,53,54]. Hydrophobic interactions play important
roles in many important biophysical self-assembly processes, including
protein folding [55,56], aggregation [57,58], and the formation of mi-
celles and membranes [59].
The energy landscape ofmembrane fusion depends onmany factors,
including the type of lipid, the temperature, the surface tension, the
types of cations present, and even the models used for the calculations.
Our simulations using POPEmicelles have captured the essentialmolec-
ular mechanism of membrane fusion and its free energy landscape. Ad-
ditional simulations with different initial conﬁgurations will improve
the accuracy of the calculated free energy landscape of fusion. Simula-
tions using a more-realistic model (e.g., vesicles) may, however, be
necessary to providemore information about themembrane fusion pro-
cess, such as the formation of a hemifused diaphragm. Currently, we are
performing fusion simulations using a large vesicle model. This present
study provides insight into the molecular mechanisms of micelle and
membrane fusion from the points of view of energy, structure, and
dynamics.
5. Conclusions and summary
We have used all-atomMD simulations to investigate the free ener-
gy landscape of POPE micelle fusion catalyzed by Ca2+ ions. Here, we
characterized the underlying molecular mechanism of fusion in terms
of the free energy landscapewith trajectories projected on two structur-
al parameters: the values of NC and SASAsum. We have found that Ca2+
ions catalyze the fusion in three aspects: (i) they dehydrate the micelle
surface and induce the greater exposure of lipid tails, which provide the
hydrophobic interactions necessary to attract pairs of micelles; (ii) they
bind twomicelles together to form stable inter-micelle Ca2+–lipid clus-
ters that restrict the motions of the two micelles within a certain
distance; and (iii) their inter-micelle Ca2+–lipid clusters destabilize
the micelle, thereby enhancing the formation of the pre-stalk state. Ef-
fective fusion is initiated through the formation of a pre-stalk state fea-
turing lipid tails exposed to the inter-micellar space. The formation of
the pre-stalk state is the rate-limiting step. The Ca2+ ions play a critical
role in catalyzing the formation of the pre-stalk. We observed that
stalk state formation occurs in conjunction with a water expulsion
process. Our simulations conﬁrm that lipid micelle fusion is affected
signiﬁcantly by the nature of the cation, providing new insight into
Ca2+-catalyzed fusion from the points of view of energy, structure,
and dynamics.
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